The accelerated development of information and communication technology (ICT) over the past two decades has encouraged an increasing number of researchers to examine and measure the impact of this technology on economic growth. Our study aims to identify and evaluate the effect of using ICT infrastructure on economic growth in European Union (EU) countries for a period of 18 years (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017). Using panel-data estimation techniques, we investigate empirically how various indicators of ICT infrastructure affect economic growth, proxied in our study by GDP per capita. Within the estimates, we have included some macroeconomic control variables. Our results indicate a positive and strongly effect of using ICT infrastructure on economic growth in the EU member states, but the magnitude of the effect differs depending on the type of technology examined. Regarding the impact of macroeconomic factors, our estimates indicate that inflation rate, unemployment rate, the degree of trade openness, government expenditures, and foreign direct investments would significantly affect GDP per capita at EU level. The findings are broadly similar to the theoretical predictions, but also to the findings of some relevant empirical studies. Our research reveals that ICT infrastructure, along with other macroeconomic factors, is an important driver of economic growth in EU countries.
Introduction
Significant development of information and communication technology (ICT) over the past two decades has encouraged many researchers to investigate its economic implications, notably the contribution of ICT to increasing productivity, promoting economic growth, and reducing poverty. Most studies in the field have indicated that information and communications technology is a key factor in the economic and social development of the countries because it has positive effects on economic growth, productivity, and employment. Also, international organizations such as the United Nations, the International Telecommunications Union, the OECD, and the World Bank argue that the ICT sector is a key driver of sustainable development. A study realized by the World Economic Forum [1] indicates that an increase in the digitization of a country by 10 percent would lead to a 0.75 percent increase in GDP per capita, and a 1.02 percent drop in the unemployment rate. According to the OECD [2] , information communication technology plays a major role in reducing poverty by creating new sources of income and new jobs, but also by reducing the cost of poor people's access to health and education services.
ICT includes "hardware, software, networks, and media collection, storage, processing, transmission, and presentation of information (voice, data, text, images)" [3] (p. 3). In accordance with Pradhan et al. [4] , information and communication technology infrastructure refers to "digital telephone network, mobile phones, Internet capability, Internet servers and fixed broadband, and other technologies".
Rapid expansion of ICT is of crucial importance for economic growth for many reasons: the use of this technology enables the various participants in economic and social life to have quick and easy access to information and knowledge [5] ; ICT enables companies to communicate faster and better so they reduce production costs and improve productivity [6] ; ICT also allows access to new markets, lower capital costs as a result of increasing the efficiency of the functioning of financial markets, reduces regional discrepancies in incomes and productivity, allows access to human capital through tele-networking [4] ; the use of ICT, in particular, Internet access, can promote the sustainable development of entrepreneurship and small and micro businesses because it reduces the difficulty of financing them by mitigating information asymmetry and reducing agency cost [7] .
According to some authors [8] [9] [10] [11] [12] [13] [14] [15] , ICT can influence economic growth through several significant channels, namely: the production of goods and services within the ICT sector directly contributes to the creation of value-added goods and services in the economy; the use of ICT goods and services as inputs in the production of other goods and services; increasing productivity in the ICT sector contributes to increasing the overall productivity of the economy; the use of ICT in other sectors of the economy contributes to improving its efficiency and productivity.
The objective of this paper is to examine the effect of using ICT infrastructure on economic growth in EU28 countries, for a period of 18 years (2000-2017) . Using the Generalized Method of Moments, we investigate empirically how different indicators measuring ICT infrastructure affect economic growth, proxied in our study by GDP per capita. As part of our estimates, we have also included some macroeconomic control variables with the purpose of highlighting their influence on GDP per capita.
The study contributes to the specialized literature in at least two ways. First, we examine the effect of ICT infrastructure on economic growth using four different measures of ICT infrastructure, while other previous empirical studies have used only one or two indicators of ICT infrastructure. Secondly, our research focuses on the 28 EU member countries, while after our knowledge, there are only a few studies, especially recent, which are focused on the EU countries, and which have analyzed the impact of ICT infrastructure on economic growth.
The remainder of this paper is organized as follows. Section 2 reviews previous empirical studies that have analyzed the effects of ICT on countries' economic and social development, especially on economic growth. Section 3 presents the data and the analyzed variables, and describes the empirical methodology. Section 4 highlights and discusses the results of our empirical study, and the last section contains concluding remarks.
Review of Empirical Studies
The impact of information and communication technology (ICT) on the economic and social development of the countries has been investigated over the past three decades by many authors who have used different methodologies, data sources, and different time periods either at the country level, or at the level of a panel of countries. Most empirical studies have concluded that increasing ICT use can lead to GDP growth, productivity, and employment.
The literature review reveals that some empirical studies have focused on investigating the impact of ICT on economic growth, concluding that the ICT sector is a major contributor to economic growth. Other studies have assessed the impact of the ICT sector on economic growth by controlling other determinants of growth, and have indicated that the development of the ICT sector is one of the key drivers of the economic growth. Another category of studies aimed to analyze the extent to which there is a causal relationship between ICTs and economic growth. Regarding the latter, most researchers have concluded that ICT is both a cause and a consequence of economic growth.
Some studies have discussed the importance of using ICT in some important sectors of the economy, such as the banking sector, highlighting the contribution of this technology to facilitating the relationship between banks and their customers, and improving banking performance [16] [17] [18] .
In 1998, using data for 27 countries in Central and Eastern Europe for the period 1990-1995, Madden and Savage [19] analyze the empirical relationship between investment and economic growth. The results of the study highlight, in particular, a positive relationship between investment in telecommunication infrastructure and economic growth. Roller and Waverman [8] examine the impact of telecommunication infrastructure on economic growth in 21 OECD countries, between 1970 and 1990. The authors find that telecommunications infrastructure positively and significantly affects economic growth. The results indicate a 2.8% GDP growth, with a 10% increase in telecommunication infrastructure. In another study focusing on OECD countries, Datta and Agarwal [20] , using the dynamic panel data method for 22 countries, investigate the long-term relationship between telecommunications' infrastructure and economic growth. Research reveals a significant and positive correlation between telecommunications' infrastructure and economic growth. Similarly, but with reference to 105 countries, which are divided into different groups (region and per capita income), Shiu and Lam [21] study the causal relationship between telecommunication development and economic growth. The authors find that there is a bidirectional relationship between telecommunication development and economic growth for European countries, and those in the high income countries. For countries in other regions and the lower income group, the relationship is generally unidirectional (from real GDP to telecommunications development). Therefore, for less developed countries, the authors point out that telecommunication development is not an important determinant of economic growth. Cieślik and Kaniewsk [22] analyzes the relation between telecommunication infrastructure and the regional level of income using panel data for 49 regions in Poland during 1989-1998. The authors find a positive and statistically significant causal relationship between telecommunication infrastructure and income at the regional level, but the causality is from telecommunications to income.
The positive impact of ICT on economic growth is also evidenced by Czernich et al. [23] , which analyzes the effects of broadband infrastructure on economic growth for a group of 25 OECD countries in 1996-2007. The authors find that a 10% increase in the broadband penetration rate would cause an annual GDP per capita growth of 0.9-1.5%.
One strand of literature focuses on examining the effects of Internet use in the economy, particularly on economic growth. Thus, using data for 207 countries, from 1991-2000, Choi and Yi [24] show the positive and significant role of the Internet for economic growth. In the estimates, the authors include some control variables (such as investment ratio, government consumption ratio, and inflation), and the results are largely in line with literature; respectively, investments have a positive impact on economic growth over time, and government consumption and inflation have a negative effect. Another study of interest [6] aims to identify whether Internet use has a direct impact on economic growth or whether the use of the Internet influences economic growth more indirectly through trade. Using data covering the period 1990-2008 and targeting 162 countries, the author finds that Internet use has no direct impact on economic growth, but indirectly through trade. Empirical results indicate that a 10 percentage point increase in Internet usage would increase the growth of the openness rate by 3.9 percentage points, which in turn would boost economic growth by 0.17 percentage points. Salahuddin and Gow [25] examines the effects of Internet usage, financial development, and trade openness on economic growth. The empirical results indicate a long-term positive and significant relationship between Internet usage and economic growth, but also between financial development and economic growth. The effects of using the Internet are also analyzed with reference to companies. Thus, Chen et al. [7] investigates how Internet use affects the access of entrepreneurs or small and micro-businesses to external financing. Empirical results indicate that Internet use plays a positive role in accessing companies' external finance by mitigating financing difficulties, thus contributing to their sustainable development. The authors also point out that using the Internet would allow more profitable projects to have access to external funding, so that access to the Internet can improve social welfare altogether. Another empirical research [26] focuses on investigating the influence of the Internet on labor productivity for 108 countries in the period 1995-2010. The results indicate a positive and significant effect of the Internet on labor productivity, and the authors support the need for governments to take different measures to increase the demand for the Internet and to expand its use.
Another strand of literature analyzes the effects of ICT investments on countries' economies. Using the Generalized Method of Moments, Nasab and Aghaei [27] investigates the impact of investments in ICT on economic growth in seven OPEC member countries for the period 1990-2007. The authors find that ICT has a significant positive impact on economic growth in the sampled countries, and underlines the need to adopt specific policies to encourage ICT investments to boost economic growth. Qiang et al. [28] assesses broadband's impact on economic growth over the period from 1980 to 2006. Empire results indicate that a 10 percentage point increase in fixed broadband penetration would lead to a GDP growth per capita of 1.21% for developed economies, and 1.38% in the case of emerging economies. Crandall and Singer [29] examine the economic impact of broadband investments on consumer welfare, job creation and economic output in the US over the period [2003] [2004] [2005] [2006] [2007] [2008] [2009] . Authors find that increasing broadband investments would lead to increased employment and GDP. Dimelis and Papaioannou [30] [31] aim to identify the impact of mobile and fixed broadband adoption on economic growth. The authors find that mobile broadband has a positive and significant impact on GDP per household, but the impact size is higher for poorer countries. Zagorchev et al. [32] examines the impact of financial development and ICT on economic growth in eight countries in Central and Eastern Europe for the period 1997-2004. Research results indicate that financial development and increased investment in telecommunications technology contribute significantly to GDP growth per capita. Given the positive impact of ICT on economic growth, the authors emphasize that governments' policies should provide incentives for technological development, and encourage investments in ICT. Using data for 62 countries with different levels of development, Yousefi [33] investigates whether ICT contributes to improving economic growth. The results of the study show that ICT has a bigger impact on GDP growth in upper-middle income countries than in low-income countries. The author points out that for developing countries, growth in GDP is not conditional on investment in ICT. Veeramacheneni et al. [34] analyze empirically, a sample of 10 Latin American countries during 1975-2003, for is a causal relationship between ICT and economic growth. The authors find that there is a two-way causality between ICT and economic growth in two thirds of the examined countries, and that ICT contributes to economic growth in eight of the 10 countries included in the sample.
Some empirical studies [14, 15, 35, 36] found that increasing ICT use is a strong driver of economic growth, and stressed the need for countries to focus on promoting the use of ICT, in particular in order to increase its effects on economic growth. Farhadi et al. [35] focus on a panel of 159 countries over the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] , and note that the impact of ICT use is stronger in higher income countries, while the impact is weak in countries with low levels of income. Lovrić [37] assesses the impact of ICT on labor productivity growth in 25 European developed and developing countries over the period 2001-2010. The author finds that ICT is an important determinant of labor productivity growth, both in developed countries as well as in developing countries. In addition, the author points out that a high level of education amplifies the impact of ICT on the labor productivity growth of EU developing countries.
Another study [38] investigates whether the relationship between financial development and economic growth depends on the level of development of the ICT sector. The results indicate that ICT diffusion has a positive and significant impact on economic growth, and the impetus of financial development can be strengthened by enhancing ICT infrastructure.
Based on economical estimates and using data for 27 European Union (EU) countries, from 2005-2011, Gruber et al. [39] note that broadband adoption has a significant positive effect on GDP, and at the EU level, the cumulative gains from broadband deployment are 32% above the cost. Pradhan et al. [40] analyze the causal relationship between the development of telecommunications infrastructure, economic growth, and four key macro-indicators, and international trade openness. Research results indicate a bi-directional causal relationship between the development of telecommunications infrastructure and long-term economic growth, both for developed countries and for developing countries. Based on the findings of the study, the authors emphasize the need for policymakers to pay attention to the development of the telecoms sector, alongside other macroeconomic variables, as long as they aim to promote long-run economic growth. In another study, Pradhan et al. [41] examine the causal link between the development of telecommunications infrastructure, financial development, and economic growth. The empirical results indicate that both financial development and the development of telecommunications infrastructure play a significant role in the economic growth of the analyzed Asian countries. Authors also find a causality between variables, both in the short and long run.
The significant role of the ICT sector in supporting economic growth is also indicated in some recent studies. Niebel [42] assesses the impact of ICT on economic growth in 59 developing, emerging, and developed countries over the period 1995-2000. The results indicate a positive impact of ICT on economic growth for the whole sample of countries. In addition, estimates for the three groups of countries show small differences between countries. Thus, the author points out that developing and emerging countries do not gain more from investing in ICT, compared to developed economies. [44] examines the impact of telecommunication infrastructure on the region's economic growth. The author finds that expanding ICT in the form of mobile phone subscriber's growth has been an important contributor to increasing the per capita income of the region for the period under review. This is the reason for why the results indicate that a 10% increase in mobile phone penetration leads to a 1.2% change in GDP per capita. Latif et al. [45] estimate the impact of ICT, foreign direct investment, trade, and globalization on economic growth in BRICS countries, using panel data for 2000-2014. Empirical results show that ICT has had a significant positive impact on economic growth, but that the impact may vary between countries, depending on the degree of use of ICT by those countries. Regarding the other three variables, authors also find a positive effect on economic growth. Based on G20 countries data, in another study, Pradhan et al. [4] investigates the relationship between economic growth, ICT infrastructure, consumer price index, labor force participation, and gross domestic fixed capital formation. The authors find that all four variables contribute to increasing economic growth in the analyzed countries.
Since 2007, in the context of the emergence of new innovations in the field of information technology, especially that of cloud computing technology, there is an increase in the interest of many researchers and policymakers at EU level for both the theoretical and empirical analysis of the economic effects of adoption and rapid dissemination of this new technology. According to Etro [46] , cloud computing is "a new general purpose Internet-based technology through which information is stored in servers and provided as a service and on-demand to clients". The European Commission [47] emphasizes that the adoption of cloud computing technology by businesses and other organizations can lead to significant increases in efficiency across the economy. Given the positive effects of the new technology, the European Commission argues the need for European countries to support, through various measures, the rapid diffusion of cloud computing so that Europe becomes a global power in the field of cloud computing. Using data from Eurostat, Etro [46] , analyzes the macroeconomic impact of adopting cloud computing technology in EU countries. Empirical results indicate that the rapid deployment and diffusion of cloud computing in the European economy would have a positive effect on GDP, employment, and the creation of new businesses. The author also emphasizes that policymakers should promote as quickly as possible the adoption of cloud computing, especially in the dynamic sectors of the economy.
The importance of the ICT sector, including the use of cloud computing technology for the EU economy, is underlined by the European Commission [48] in the Working Document entitled "A Digital Single Market Strategy for Europe", which is a key pillar of Europe 2020 Strategy. A more recent study [49] discusses the positive effects of the adoption and use of cloud computing by SMEs in EU countries, as well as the factors that impede the use of this technology by firms. In addition, the author emphasizes the strategies adopted at EU level to increase the use of cloud computing. Although the benefits of introducing cloud computing technology are widely discussed by both researchers and decision-makers at different levels, the statistical data offered by Eurostat [50] show that only 21% of EU businesses have used loud computing services. In addition, the data shows significant disparities between countries, namely: in some countries (Finland, Sweden and Denmark), over 40% of enterprises used cloud computing, while in other countries (Greece, Latvia, Poland, Romania and Bulgaria), the percentage is below 10%. Such a situation shows the need for policymakers at both European and national level to further support the faster adoption of cloud computing in all sectors of the economy.
Our study is added to the existing literature by providing empirical evidence regarding the impact of various ICT infrastructure indicators on economic growth in EU countries.
Data and Methodology

Data and Variables
Our paper investigates the effects of some ICT infrastructure indicators on economic growth in EU countries, for a period of 18 years (2000-2017). Our analysis includes 12 indicators, and the data were obtained from four available sources: the database of the International Telecommunications Union (ITU) [51] , the OECD database [52] , the World Development Indicators (WDI) database (World Bank) [53] , and the European Commission (Eurostat) [54] .
In our econometric models, the dependent variable is economic growth (EG), proxied by GDP per capita (in US dollars at current prices and Purchasing Power Parities (PPPs)). As explanatory variables, we took into account two types, namely: firstly, main explanatory variables, which are represented by four different measures of ICT infrastructure (fixed-broadband subscriptions per 100 inhabitants, the percentage of households with a broadband Internet connection via home computer, percentage of individuals using the Internet, and mobile cellular subscriptions per 100 people); the second type of explanatory variables refers to the macroeconomic control variables (gross fixed capital formation, inflation rate, unemployment rate, trade openness, inflows of foreign direct investment, general government final consumption expenditure, and the level of financial development, proxied in our study by the domestic credit to the private sector).
The description of the variables included in the analysis and the data sources are presented in Table 1 . ICT has become very important in modern economy, and its effects on economic growth derive from two channels: the output of ICT-producing industries, and the output of the ICT-using industries. The first output was incorporated as inputs in the ICT-producing industries. To identify the effects of ICT on productivity and economic growth, a production function as one in the equation below can be considered:
where: Y (aggregate value added, at time t) is assumed to consist of ICT goods and services Y ICT t , as well as of other production Y O t . The aggregate inputs are produced from ICT capital C, other (i.e., non-ICT) physical capital K, human capital H, and labor L. The level of technology is here represented in the Hicks neutral or output augmenting form by parameter A. The estimation of the impact of ICT investment has been approached in three principal ways in the literature: production function estimation, growth accounting, and applied growth theory [55] . Related to the first approach, supposing that the function assumes the simple Cobb-Douglas form, with the time index being suppressed:
Taking the natural logarithm on both sides, the following equation results:
Applying the difference on terms from Equation (3) with respect to time, gives the illustration of the representation on growth (see Equation (4)), the variables indicating the rate of change:
Taken into consideration equations number three and number four, the linear panel data models using fixed, random, first differenced, or dynamic options can be estimated, as explained below.
The Linear Panel Data Models-An Overview
The basic linear panel model can be defined using some suitable restrictions of the following general model presented in Equation (5):
where i = 1, 2 ... n is the individual group (country) index, t = 1, 2 . . . T is the time index and µ it is a random disturbance term of mean 0. While µ it is not estimable with N = n × T data points, a number of assumptions (restrictions) are usually made, the most common being parameter homogeneity, which means α it = α, for all i, t and β it = β, for all i, t. The resulting model is standard linear pooling for all the data across i and T (see Equation (6)):
To model the individual heterogeneity of the individual group (in our model country), the error term is assumed to have two separate components, one of each being specific to the individual (country), which does not change over time. The model is named the unobserved effects model, as shown in Equation (7):
There also may be time effects modeled (a symmetric case, Equation (8)), or both, so that the error has three components (explained in Equation (9)):
The appropriate estimation method for these models depends on the properties of the two error components. The idiosyncratic error ε it is usually assumed to be independent of both the regressors x it and the individual error component µ i . The latest (the individual component) may be independent of the regressors x it or correlated with them.
In the first case (when µ i is correlated with the regressors x it ), the ordinary least squares (OLS) estimator would be inconsistent, so µ i is handled as a further set of n parameters to be estimated. This model is called the fixed effects (a.k.a. within or least squares dummy variables) model, being usually estimated by OLS applied on transformed data (using demeaning), which gives consistent estimates for β.
In the second case (if the individual-specific component µ i is uncorrelated with the regressors x it ), the model is usually identified as the random effects model. In this instance, the overall error µ i + ε it is also uncorrelated with the regressors x it , so that the OLS estimator is consistent. The common error component over individuals induces correlation across the composite error terms, making OLS estimation inefficient, so that the form of feasible generalized least squares (GLS) estimators are used [56] .
The choice between the above models (fixed and random effects) are based on Hausman-type tests or the Mundlak approach [57] . The Hausman test [58] , which is usually used in the literature, compares the two estimators under the null of no significant difference: if this is not rejected, the more efficient random effects estimator is chosen.
The Econometric Model
The main objective of the paper is to identify the effect of using ICT infrastructure, using four variables as proxies, on economic growth (EG), while controlling for the macroeconomic environment (CME), employing seven variables as a proxy.
The main purpose is to empirically test the following null hypothesis that there is no relationship between Internet and communications technology and economic growth. The alternative hypothesis is that there is a positive relationship between Internet and communications technology and economic growth.
The following general linear regression model for panel data is considered:
Our model takes into considerations 12 variables: one dependent variable, four interest variables, and seven control variables, explained as follows.
The dependent variable EG i,t is represented by GDP per capita (US dollars at current prices and PPPs), being used as proxy for the effect of using ICT infrastructure on economic growth (coded in models as lngdp).
Our variables of interest, which measure the ICT j,i,t , development in country i at time t, for j = 1, . . . , 4, are:
(1) fixed-broadband subscriptions per 100 inhabitants (lnfbs 100), for j = 1; (2) the percentage of households with a broadband Internet connection via home computer (hbccp), for j = 2; (3) the percentage of individuals using the Internet (lniuip), for j = 3; (4) mobile cellular subscriptions per 100 people (lnmcs100), for j = 4 (see details on the selected variables and the sources of data in Table 1 ).
The control variables, used as a proxy for the macroeconomic development (CME) of country i, at time t, for k = 1, ..., 7 are: (5) gross domestic fixed capital formation, percentage of GDP (lngdfcfpgdp), for k = 1; (6) inflation rate, expressed as annual average change (lninf), for k = 2; (7) unemployment rate, expressed as annual average (lnunimpl) for k = 3; (8) trade openness, expressed as the sum of exports and imports of goods and services measured as a share of gross domestic product in percentage (lnto), for k = 4; (9) foreign direct investment, as net inflows, percentage of GDP (lnfdipgdp), for k = 5; (10) general government final consumption expenditure, percentage of GDP (lnggfcepgdp), for k = 6; (11) financial development is calculated using the domestic credit to private sector as percentage of GDP, for k = 7.
The estimated, β 1 and β 2 are vectors that incorporate the coefficients from the equations related to our four ICT interest variables.
In all coded variables, we used the ln prefix, suggesting that values were transformed using the natural logarithm. The choice regarding the use of logarithm is based on the studies of Sassi and Goaied [38] , Pradhan et al. [40] , Haftu [44] , Pradhan et al. [4] , and Sepehrdoust [5] .
Because reverse-causality and endogeneity could also influence the results, we tested some instrumental variables, and performed regressions with lagged possible endogenous ones, finding that our results remained robust. In this respect, the dynamic panel model are presented as follows.
The GMM (generalized method of moments) is mainly used in panel data econometrics to estimate a dynamic model with the following equation [51] :
To control for individual effects, the equation is first differenced:
Due to the correlation between ∆ it and ∆ y it−1 , least squares are inconsistent, while y it−2 is a valid, but weak instrument. The GMM estimator uses the fact that the number of valid instruments is growing with t [51], using a W i matrix: 
Regarding the tests implied, the Arellano-Bond test for zero autocorrelation in first-differenced errors is usually used to test for serial correlation (with H0: no autocorrelation). The rejection of autocorrelation of order 1 and not of order 2 is evidence that the Arellano-Bond model assumptions are satisfied. In order to solve the overidentification problem, Roodman [59, 60] proposed mechanisms to adequately test the existence of excess of instruments, through the Sargan and Hansen tests.
Results and Discussion
Prelimnary Tests
To select the model that best describe the effect of using ICT infrastructure on economic growth, we have checked the regression assumptions and have performed several tests suggested by econometric literature [61] . For all tests conducted, the tables with results are available on demand.
Test for poolability of the data (presence of individual effects): we used the F-test that shows that we should reject the null, so the OLS estimates suffer from an omission variables problem, and they are biased and inconsistent (for all equations, in F-test, all the u_i = 0 the calculated probability was Prob > F = 0.0000, the values being extracted from fixed-effect models).
Our data refers to many cross-sectional units (28 countries), which have different structures (different law, tradition, currencies, social and cultural values, and so on), this being a guaranteed to heterogeneity in panel data. That the Lagrange multiplier (LM) test for random effects [62] , having null H 0 : variance of the unobserved fixed effects, is not statistically different from zero was rejected (Prob > chibar squared = 0, for all equations involved), so that pooled OLS was not appropriate.
As there could be a deviation from homoscedastic errors in the context of pooled cross-section time-series on panel data (the error process could be homoscedastic within cross-sectional units, but its variance differs across units), the groupwise heteroscedasticity may appear. The Wald statistic for groupwise heteroscedasticity in the residuals of a fixed-effect regression model performed for all equations had zero values for Prob > chi squared, so errors are heteroscedastic. To decide between fixed (FE) and random effects (RE), we used the Hausman test, and the investigation suggested that fixed effects models are appropriate. We have reported the results using Driscoll and Kraay standard errors for linear panel models [63] , which are heteroscedasticity consistent and robust to very general forms of cross-sectional and temporal dependence. Table 2 shows the basic descriptive statistics by country for the raw data. The descriptive statistics for the logarithmic form are presented in Appendix A, Table A1 . There was a wide dispersion within the sample regarding the level of GDP per capita at market prices: the lowest level of GDP per capita was $5879.08 for Romania in 2000, and the highest one was $102,553.9 for Luxembourg in 2015. We also noticed a large cross-country variation in the proxies for ICT infrastructure. The fixed-broadband Based on raw data, we applied logarithmic function to all variables. The summary statistics based on logarithmic form shows lower levels of skewness and kurtosis, suggesting no problems regarding normality of data, with the full results being presented in Appendix A (see Table A1 ). The check for correlation across the regressors (to exclude strongly correlated variables) suggested no trouble (correlation coefficients were found to be below 0.8, as suggested by econometric studies). Table 3 contains the correlation coefficients between the dependent and independent variables. With one exception, the coefficients were quite low, indicating that multicollinearity was unlikely to be a problem in our estimations. In particular, we noted that, consistent with our expectations, GDP was positively associated with all proxies for IC&T. Thus, increases in these proxies for IC&T lead to higher GDP. Further investigation refers to the presence of multicollinearity, by computing the variance inflation factors (VIFs), the result being below the threshold of 5 (the mean VIF was calculated to 1.44 to 1.49). 
Descriptive Statistics and Correlation Analysis
Empirical Results
Based on Equation (10), we have developed four models, one for every ICT variable of interest. In this approach, α, β 1 , and β 2 are vectors that incorporate the coefficients C(j) of each one of the four equations (j = 1, . . . , 4), as follows: (1) j,j=1,...4 , the constant value from equations; β 1 = c(2) j, j=1,..4 , the coefficients for every interest ICT j variable; (3) j , c(4) j , c(5) j , c(6) j , c(7) j , c(8) j , c(9) j , j=1,...4 , the coefficients for every control variable; CME k, k=1 . . . 7 , variables, added in equations to every ICT j variable. The coefficients were calculated, controlling for the time-invariant effects of country i, using OLS with quasi-demeaning values, as Croissant and Millo [56] explained: "The estimation methods for the basic models in panel data econometrics, the pooled OLS, random effects and fixed effects (or within) models, can all be described inside the OLS estimation framework. In fact, while pooled OLS simply pools data, the standard way of estimating fixed models with, say, group (time) effects entails transforming the data by subtracting the average over time (group) to every variable, which is usually termed time-demeaning".
Regarding the construction of our model (based on Equation (10)) and codification for our variables, the estimated four equations for the panel data fixed effects model are: Table A2 (see Appendix A) presents the results for the first estimation where fixed-broadband subscriptions per 100 inhabitants (FBS100) is used as a proxy for the ICT infrastructure. We opted for a step-by-step analysis by adding control variables one by one into the model. In order to conserve space, only the last estimation comprising all the control variables is presented in Table 4 , column 1. The coefficient for the ICT variable (β 1 ) was positive and statistically significant at the 1% level. Thus, the results do not reject the research hypothesis, suggesting a positive and highly significant impact of ICT infrastructure on economic growth, but with the magnitude of the impact being different, depending on the type of technology examined. Thus, the estimated ICT infrastructure coefficients range from 0.0767 (in the case of fixed-broadband subscriptions) to 0.396 (mobile cellular subscriptions). Our findings are in line with the results of other empirical studies [5, 14, 24, 25, 27, 35, 41, 43, 64] . We also point out that the positive and strong impact of ICT infrastructure on economic growth is also found in the conditions in which we have analyzed each type of technology separately (see Appendix A,  Tables A2-A5 ) and have calculated first-difference models (see Appendix A, Table A6 ). In order to test the robustness of our findings, we employed three other proxies for ICT infrastructure: the percentage of households with a broadband Internet connection via home computer range (HBCCP), the level of the percentage of individuals using the Internet (IUIP), and the level of mobile cellular subscriptions per 100 people (MCS100). The results for the these models employing alternative measures for IC&T infrastructure (see Table 4 , columns 2, 3, and 4) are broadly in line with those obtained for the first model. The coefficient for the ICT variable (β 1 ) is positive and statistically significant at the 1% level for all models considered. These results indicate that ICT infrastructure can contribute to the increase per capita economic growth. The highest magnitude of this impact was recorded for the level of mobile cellular subscriptions, suggesting that a 1% increase in mobile cellular subscriptions would determine an increase of 0.396% GDP per capita across the 28 EU countries.
Regarding the macroeconomic control variables, we found that almost all, except for financial development and gross domestic fixed capital formation, had a significant effect on economic growth in all four models presented in Table 4 . The estimated coefficients of the inflation rate (LNINF) were all negative and significant at a 1% level. These results indicate a negative and strongly significant relationship with GDP per capita, in line with the findings of Choi and Yi [24] , Sassi and Goaied [38] , Haftu [44] , Pradhan et al. [4] , and Sepehrdoust [5] . A low level of inflation will lower the cost of production in real terms, which will positively affect per capita economic growth. Also, the unemployment rate (LNUNIMPL) was negatively and significantly associated with economic growth, in line with the theoretical predictions, according to which the reduction of the unemployment rate would lead to the improvement of the economic growth. Regarding the degree of trade openness (LNTO), all estimated coefficients were positive and significant at 1%, so that we find that this indicator is positively and very strongly associated with GDP per capita. Therefore, we can affirm that trade openness is a key driver of economic growth in EU countries. Our results are in line with the previous findings of Czernich et al. [23] , Sassi and Goaied [38] , Pradhan et al. [40] , and Latif et al. [45] . According to Hodrab et al. [64] , the positive effect of this variable on economic growth results from the fact that increased production for exports and the increase in imports availability in local markets will stimulate local firms that are facing the pressure of competitiveness to innovate new efficient production methods, or to adopt new technologies, that will lead to increased productivity and lower cost of production, and this fact will be reflected positively on economic growth.
The coefficient on foreign direct investment (LNFDIPGDP) is negative and significant at the 1% significance level in all four estimates presented in Table 4 , which implies that FDI would have a negative and profound effect on GDP per capita. Surprisingly, our results do not reflect the theoretical predictions that FDI would be one of the main factors of economic growth, but they are in line with the findings of several empirical studies [65] . The negative effect of FDI on economic growth (which in all analyzed countries ranges from −0.0237 to −0.0287) could be recorded when many foreign investors repatriate the profit, but also when the domestic firms do not cope with competition with foreign firms and are forced to leave the market [66] .
Government expenditures (LNGGFCEPGDP) are positive and significantly associated with GDP per capita, in agreement with the results obtained by Sepehrdoust [5] . The positive relationship between government expenditures and economic growth can be explained by the fact that increasing the expenditures of government within society can lead to improving economic growth.
With regard to the gross fixed capital formation variable (LNGDFCFPGDP), our results show a positive (in line with the findings of Nasab and Aghaei [27] , Vu [14] , Pradhan et al. [40] , and Haftu [44] ), but insignificant impact on GDP per capita, similar to the results of Sepehrdoust [5] (if we measure ICT infrastructure through LNFBS100 and LNIUIP). On the other hand, we found a negative association of this variable with economic growth for the other two indicators of ICT infrastructure (see columns 2 and 4 from Table 4 ).
In the case of the financial development variable, many theoretical studies have discussed its positive effect on economic growth, and they have underlined that this variable would be one of the most important determinants of economic growth. Our empirical estimates reveal that all financial development coefficients (LNFD) are positive, but insignificant at any of the significance levels. Therefore, for our entire panel of countries, financial development does not appear to significantly affect GDP per capita. One possible explanation would be that we considered as a proxy measure of financial development only the ratio of domestic credit to the private sector as share of the GDP, because in EU countries, the financing of the real economy is largely focused on the credits granted by the financial institutions, especially banking credit. However, the financial development dimension is also given by the total value of stocks traded as a share of GDP. Compared to our results, and with reference to other country panels, some studies [5, 25, 32, 41, 67] found a positive and significant relationship between financial development and economic growth.
Our empirical results regarding the effect of the above-mentioned control macroeconomic variables on GDP per capita are similar to those found when we separately investigated the impact of each of the four ICT infrastructure indicators (see Appendix A). (9)×lnto (21) The same as explained above (for fixed-effects model), β 1 and β 2 are vectors that incorporate the coefficients of the Equations (18) to (21), coded C(j), as follows:
..4 , the coefficient value for a lagged dependent variable;
..4 , the coefficients for every interest of ICT j variables;
..4 , the coefficients for every interest; CME k, k=1 . . . 7 variables, related to every ICT j variables.
The results are presented in Table 5 for all indicators used as proxies for ICT infrastructure. Note: standard errors between parentheses; **, and *** indicate significance at 10%, 5%, and 1% levels, respectively. Source: own calculations.
Conclusions
This study aimed to analyze and evaluate empirically the effect of using ICT infrastructure on economic growth in EU countries for a period of 18 years (2000-2017) . Using panel-data estimation, we have examined empirically how various indicators of ICT infrastructure affect economic growth, proxied in our study by GDP per capita. In our analysis, we have also included seven macroeconomic control variables, namely: gross fixed capital formation, inflation rate, unemployment rate, trade openness, inflows of foreign direct investment, general government final consumption expenditure, and the level of financial development.
Our empirical estimates indicate a positive and highly significant impact of ICT infrastructure on GDP per capita, but the magnitude of the impact is different depending on the type of technology considered in the analysis. Thus, we find that an increase of 1% in the use of ICT infrastructure would contribute to a GDP per capita growth between 0.0767% (fixed-broadband subscriptions) and 0.396% (mobile cell subscriptions). Likewise, our results reflect a positive and powerful effect of the use of ICT infrastructure on economic growth when we analyze separately each of the four indicators used as proxies for ICT infrastructure.
Regarding the impact of macroeconomic factors, we found that inflation, unemployment rate, the degree of trade openness, government expenditures, and foreign direct investment would significantly affect GDP per capita at the EU level. The findings of the study reveal that ICT infrastructure, along with other macroeconomic factors are important drivers of economic growth in the EU countries.
Based on our research, we emphasize that, in order to promote economic growth, ICT infrastructure development (by encouraging increased investment in ICT so as to provide easy access to these technologies) should be a priority in government policies.
A drawback of our study is limiting the investigation to the EU countries only. Therefore, as a future research direction, we aim to extend the analysis with data for other European non-EU countries, as well as to analyze the impact of ICT use on groups of countries, depending on their level of development, including the assessment of the impact of economic growth on ICT development.
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